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FRQGLWLRQVDUHVXEMHFWHGWROHDNDJHVSLOODGFRQWDPLQDWLRQ7KLVLVSDUWLFXODUO\WUXHIRUWKRVHSODQWVRSHUDWLQJZLWK
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FRXQWULHV5HFHQW&DQDGLDQVXUYH\V>@SRLQWHGRXWWRDQLPSRUWDQWVRXUFHRIIXJLWLYHHPLVVLRQDQGFRQWDPLQDWLRQLQ
SURFHVVLQJSODQWVUHODWHGWROHDNDJHRISUHVVXUL]HGHTXLSPHQWVXFKDVSUHVVXUHYHVVHODQGSLSLQJFRPSRQHQWVYDOYHV
DQGFRPSUHVVRUV,QDGGLWLRQWKHFRVWRIK\GURFDUERQORVVHVIURPHDFKHTXLSPHQWZHUHHVWLPDWHGEHWZHHQ
WR0SHU\HDU
7XEHWRWXEHVKHHW MRLQWV XVHG LQ VWHDP ERLOHU KHDW H[FKDQJHU DQG VWHDP JHQHUDWRUV DUH QR H[FHSWLRQ 7\SLFDO
IDLOXUH WKDW PD\ UHVXOW IURP LPSURSHU H[SDQVLRQ DUH  OHDN VWUHVV FRUURVLRQ FUDFNLQJ OLJDPHQWPRYHPHQWV WXEH
H[WUXVLRQ WXEH IDWLJXH RYDOOLQJ DQG FUDFNHG OLJDPHQWV>@ 8QIRUWXQDWHO\ WKHVH IDLOXUHV KDYH EHHQ UHSRUWHG LQ
PDQ\ KHDW H[FKDQJHUV ERLOHUV DQG VWHDP JHQHUDWRUV DQG DUH DWWULEXWHG WR WKH ODFN RI WXEH H[SDQVLRQ SURFHVV
RSWLPL]DWLRQ>@7KHVWUXFWXUDOLQWHJULW\DQGWKHWLJKWQHVVRIWXEHWRWXEHVKHHWMRLQWVDUHSURYLGHGE\WKHUHVLGXDO
FRQWDFW SUHVVXUH SURGXFHGPHFKDQLFDOO\ E\ WKHPHWKRG RI WXEH H[SDQVLRQ GXULQJ WKHPDQXIDFWXUH RI WKH WXEXODU
HTXLSPHQW0HFKDQLFDOUROOLQJK\GUDXOLFH[SDQVLRQDQGH[SORVLYHH[SDQVLRQZKLFKLQYROYHSODVWLFGHIRUPDWLRQRI
WKHPDWHULDOVDUHWKHPRVWSRSXODUSURFHVVHVXVHGE\WKHLQGXVWU\7KHSURFHVVRIH[SDQVLRQFRQVLVWVRIH[SDQGLQJ
WKHWXEHVRDVWRFORVHWKHJDSDQGFUHDWHVDSHUPDQHQWFRQWDFWEHWZHHQWKHWXEHDQGWXEHVKHHWLQRUGHUWRSURYLGHD
ULJLG MRLQWDQGDYRLGJURVV OHDNV8VXDOO\DVPDOOZHOGDURXQG WKH WXEHHQG LVDGGHG LQRUGHU WRDYRLGILQH OHDNV
7KHUHIRUHDQ\IOXLGWUDQVIHUEHWZHHQWKHWZRFLUFXLWVLVSUHYHQWHG$FFRUGLQJWRWKHIXQGDPHQWDOVRIWKHH[SDQVLRQ
SURFHVV WKHUH DUH WKUHH GLIIHUHQW ]RQHV DV VKRZQ LQ )LJ  WKH H[SDQGHG ]RQH WKH WUDQVLWLRQ ]RQH DQG WKH
XQH[SDQGHG]RQH7KHILUVWWZR]RQHVDUHRIFRQFHUQDQGKDYHEHHQWKHVXEMHFWRIOLWWOHUHVHDUFK
7KHGHVLJQDQGDQDO\VLVRIWKHH[SDQVLRQSURFHVVRIWXEHWRWXEHVKHHWMRLQWVLVQRWFRYHUHGE\VWDQGDUGVVXFKDV
$60(%39FRGH>@DQG%6>@6WDQGDUGVVXFKDV7(0$>@JLYHRQO\EDVLFGLPHQVLRQVRIWKHWXEHVDQGWKH
WXEHVKHHWKROHV LQFOXGLQJFOHDUDQFHV+HDWH[FKDQJHUPDQXIDFWXUHUVKDYHWKHLURZQGHVLJQUHFLSHVRIWHQEDVHGRQ
WULDODQGHUURUDUHXQIRUWXQDWHO\QRWPDGHDYDLODEOHLQWKHOLWHUDWXUH7KHH[SDQVLRQSURFHVVUHTXLUHVRSWLPL]DWLRQLQ
RUGHUWRLQVXUHWKHGHVLUHGVWUXFWXUDOLQWHJULW\DQGOHDNWLJKWQHVV7KH$60(%39FRGHFRYHUVWKHGHVLJQFDOFXODWLRQ
RI WXEHV DQG SHUIRUDWHG SODWHV VHSDUDWHO\ EXW QRW WKH GHVLJQ LQYROYLQJ WKH DFWXDO IDEULFDWLRQ SURFHVV RI WXEHWR
WXEHVKHHW H[SDQVLRQ7KH ODWWHU UHTXLUHV DZHOOGRFXPHQWHGGHVLJQPHWKRGRORJ\FRXSOHG WR WKHJRRGHQJLQHHULQJ
SUDFWLFHV7KHPRGHOLQJRIWXEHWRWXEHVKHHWMRLQWH[SDQVLRQFDQEHWUDFHGEDFNWRWKHSDSHUE\*RRGLHUHWDO>@LQ
%HIRUHWKDWWKHIRFXVRIUHVHDUFKZDVRQWKHULJLGLW\RIDVVHPEO\PDQXIDFWXUHGE\PHFKDQLFDOUROOLQJZKLFK
ZDVWKHRQO\XVHGSURFHVVWKRVHGD\V7KHUHZDVQRPHDQWRHYDOXDWHWKHLQWHUIDFHFRQWDFWSUHVVXUHRUWKHUHVLGXDO
VWUHVVHVJHQHUDWHGE\WKHUROOHUH[SDQVLRQDQGWULDODQGHUURUZDVWKHEHVWSUDFWLFH,QDGGLWLRQSURFHVVGHIHFWVVXFK
GHQWV ORFDOWXEHGHIRUPDWLRQDQGZDOOWKLQQLQJZHUHYHU\FRPPRQ7KHUHIRUHWKHZHDNQHVVHVRIWKLVSURFHVVDQG
WKH VHYHUDO IDLOXUHV RI KHDW H[FKDQJHUV XVLQJ WKHVH MRLQWV KDYH FRPSHOOHG UHVHDUFKHUV WR IRFXV PRUH RQ WKH
IXQGDPHQWDOVRIWKLVSURFHVVDQGLWVHIIHFWVRQWKHMRLQWWLJKWQHVV+RZHYHUWKHUHVHDUFKHIIRUWVFRQGXFWHGRQWXEH
WRWXEHVKHHW H[SDQVLRQ WRJHWKHU ZLWK WKHLU XVH LQ WKH VWHDP JHQHUDWRUV RI QXFOHDU SRZHU VWDWLRQV KDYH OHDG
:HVWLQJKRXVHLQWKHPLG¶VWRGHYHORSDQHZSURFHVVRIH[SDQVLRQWKDWXVHVK\GUDXOLFSUHVVXUHRIZDWHURURWKHU
IOXLGV7KLVSURFHVVEHFDPHTXLFNO\WKHFXUUHQWPHWKRGRIH[SDQVLRQLQWKHQXFOHDULQGXVWU\ 6RRQDIWHU WKHILUVW
DQDO\WLFDO DSSURDFK WRSUHGLFW WKHFRQWDFWSUHVVXUH LQK\GUDXOLFDOO\H[SDQGHG WXEHWRWXEHVKHHWZDVGHYHORSHGE\
.ULSV HW DO >@2WKHU UHVHDUFKHUV KDYH DOVR WUHDWHG WKLV VXEMHFW 7KH GLIIHUHQW VWXGLHV FRYHU WKH WKUHH DVSHFWV RI
DQDO\VLV LQFOXGLQJ WKH DQDO\WLFDO QXPHULFDO DQG H[SHULPHQWDO ZRUNV 7KH GHYHORSHG DQDO\WLFDO PRGHOV DQG WKH
SURSRVHG HTXDWLRQV IRFXV RQ WKH SUHGLFWLRQ RI WKH UHVLGXDO FRQWDFW SUHVVXUH >@  ,W LV ZRUWK QRWLQJ WKDW DOO
GHYHORSHGPRGHOVZHUHEDVHGRQDQHODVWLFSHUIHFWO\SODVWLFEHKDYLRURIWKHWXEHPDWHULDO,QDGGLWLRQWKHFRPELQHG
IOH[LELOLW\RIWKHWXEHDQGWXEHVKHHWGXULQJXQORDGLQJZDVQRWFRQVLGHUHG)RUWKHPRUHUHFHQWPRGHOVWKHYDOLGDWLRQ
ZDVFRQGXFWHGXVLQJQXPHULFDOILQLWHHOHPHQWDQGVRPHDGMXVWPHQWVZHUHSURSRVHGLQVRPHFDVHV>@7KHHIIHFW
RIVWUDLQKDUGHQLQJZDVRQO\HYDOXDWHGQXPHULFDOO\XVLQJ)(0>@ZKLOHUHYHUVH\LHOGLQJZDVQRW WKRXJKW WR
KDYHDQHIIHFW
7KHFRPELQHGIOH[LELOLW\DQDO\VLVRIWKHWXEHDQGWXEHVKHHWGXULQJXQORDGLQJZDVILUVWLQWURGXFHG/DJK]DOHHWDO
>@LQWKHLUDQDO\WLFDOPRGHO7KHDXWKRUVILUVW WUHDWHGWKHFDVHRIHODVWLFSHUIHFWO\SODVWLFRIERWKWKHWXEHDQG
WXEHVKHHW/DWHUWKH\LQFRUSRUDWHGDOLQHDUVWUDLQKDUGHQLQJLQWKHLUPRGHO7KHHIIHFWRILQLWLDOFOHDUDQFHZDVVWXGLHG
LQ>@5HFHQWO\WKHFUHHSUHOD[DWLRQEHKDYLRURIWKHH[SDQGHGMRLQWZDVLQYHVWLJDWHGH[SHULPHQWDOO\>@LQDQG
DQDO\WLFDOO\LQ>@5HFHQWO\+XDQJHWDO>@IROORZHGDPRUHUHDOLVWLFDSSURDFKE\LQWURGXFLQJDSRZHUODZLQ
WKHLUDQDO\WLFDOPRGHOEXWGLGQRWDFFRXQWIRUUHYHUVH\LHOGLQJ7KHODWWHULVDZHOONQRZQSKHQRPHQRQWKDWLVWKH
VXEMHFWRIDORWRIVWXGLHVLQDXWRIUHWDJHGWKLFNF\OLQGHUVDQGLQWKHPHWDOIRUPLQJLQGXVWU\>@7KHOLWHUDWXUH
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VKRZVWKDWLWKDVDPDMRULQIOXHQFHRQWKHUHVLGXDOVWUHVVHV7KLVSKHQRPHQRQWDNHVDOVRSODFHLQWKLQWXEHVVXFKDV
WKRVHRIH[SDQGHG MRLQWV'HSHQGLQJRQ WKH OHYHORI WKHPD[LPXPH[SDQVLRQSUHVVXUH WKH WXEHFDQEH LQUHYHUVH
\LHOGLQJDIWHUWKHSUHVVXUHLVUHOHDVH7KHFRPSUHVVLRQH[HUWHGE\WKHWXEHVKHHWKDVDVPDOOHUHIIHFWLIWKHWXEHLVLQ
UHYHUVH\LHOGLQJDVLWEHFRPHVOHVVULJLG7KHUHIRUHLJQRULQJUHYHUVH\LHOGZRXOGUHVXOWVLQKLJKHUUHVLGXDOFRQWDFW
SUHVVXUH DQG NLQHWLF KDUGHQLQJPDWHULDOVZRXOG DOVR SURGXFH OHVV FRQWDFW SUHVVXUH WKDQ WKHLU LVRWURSLF KDUGHQLQJ
FRXQWHUSDUWV7KHUHIRUH GXH WR%DXVFKLQJHU HIIHFW WKH FRQWDFW SUHVVXUH GHFUHDVHVPRUH UDSLGO\ DV WKH H[SDQVLRQ
SUHVVXUHLVUHOHDVHGOHDGLQJWRDQRYHUHVWLPDWLRQRIWKHUHVLGXDOSUHVVXUHE\H[LVWLQJDQDO\WLFDOPRGHOV7KHSXOORXW
WHVWVFRQGXFWHGRQH[SDQGHG MRLQWV>@FRQILUPWKHDERYHDQGSRLQW WR WKHRYHUHVWLPDWLRQRI WKHUHVLGXDOFRQWDFW
SUHVVXUHVE\WKHH[LVWLQJPRGHOV
7KLVSDSHUJLYHV WKHGHWDLOHG HTXDWLRQVRI DGHYHORSHGPRGHO WKDW HVWLPDWHV WKH UHVLGXDO FRQWDFW SUHVVXUHRI D
K\GUDXOLFDOO\ H[SDQGHG WXEHWRWXEHVKHHW MRLQW EDVHG RQ D NLQHWLF KDUGHQLQJ EHKDYLRU RI WKH WXEH DQG WXEHVKHHW
PDWHULDOV 7KHPRGHO LVYDOLGDWHGXVLQJ)(0DQGFRPSDULVRQZLWK LVRWURSLFKDUGHQLQJEHKDYLRU LVFRQGXFWHGRQ
WZRGLIIHUHQWPDWHULDODQGJHRPHWU\FDVHV7KH LPSRUWDQFHRI WKH WUXHPDWHULDOEHKDYLRU LVGLVFXVVHG ,QDGGLWLRQ
FRPSDULVRQ WKH HIIHFW RI VWUDLQ KDUGHQLQJ LV LQYHVWLJDWHG E\ UXQQLQJ DQ HODVWLF SHUIHFWO\ SODVWLF EHKDYLRU RQ WZR
FDVHV,QDGGLWLRQWRWKH7UHVFDDQG9RQ0LVHV\LHOGFULWHULDFRPSDULVRQWKHSODQHVWUDLQYHUVXVWKHSODQHVWUHVVLV
DOVRVWXGLHGLQRUGHUWRKDYHVRPHLGHDRQWKHHIIHFWRIWKHWXEHVKHHWWKLFNQHVV
$QDO\WLFDO0RGHO:LWK.LQHPDWLF6WUDLQ+DUGHQLQJ
7KH H[SDQGHG MRLQW FRQVLVWLQJ RI WKH WXEH DQG WXEHVKHHW DUH RIWHQPRGHOOHG DV WZR FRQFHQWULF F\OLQGHUV 7KH
WXEHVKHHW LV WKHUHIRUH UHSODFHGE\ D VOHHYHZLWK DQ HTXLYDOHQW H[WHUQDO GLDPHWHU WKH H[SUHVVLRQRIZKLFK FDQEH
JLYHQLQ>@7KHPDWHULDOVIRUERWKWKHWXEHDQGWXEHVKHHWDUHFRQVLGHUHGWRIROORZDSRZHUODZZLWKDNLQHPDWLF
VWUDLQKDUGHQLQJ EHKDYLRU ,Q DGGLWLRQ RQO\ WKH WXEH LV FRQVLGHUHG WR EH LQ UHYHUVH \LHOGLQJ 7KH ORDGLQJ DQG
XQORDGLQJDUHVKRZQLQ)LJVXFKWKDW


)LJ0DWHULDOPRGHOEHKDYLRU
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ZKHUH eV DQG eH DUHUHVSHFWLYHO\WKHHTXLYDOHQWVWUHVVDQGVWUDLQJLYHQE\9RQ0LVHVFULWHULD
 
e rT
V V V    
7KHFRPSDWLELOLW\RIGHIRUPDWLRQXQGHUSODQHVWUDLQ
rTH H    
$QGIRUSODQHVWUDLQWKHD[LDOVWUHVVLVJLYHQE\
 
z rT
V V V    
2.1. Expansion without tubesheet yielding 
7RDYRLG WXEHVKHHWSODVWLFGHIRUPDWLRQ WKHPD[LPXPH[SDQVLRQSUHVVXUH ep LV WREH ORZHU WKDQ WKHSUHVVXUH
ysp DWZKLFK\LHOGRI WKH WXEHVKHHWRFFXUVDW WKHHQGRI WKH ORDGLQJSKDVH5HIHUULQJ WR)LJ WKH ORDGLQJSKDVH
VKRZQXQGHUVWHSVDQGFRUUHVSRQGVWRWKHHODVWRSODVWLFGHIRUPDWLRQRIWKHWXEH,QVWHSWKHHQWLUHWXEHLVIXOO\
SODVWLFDQGDWLWVHQGWKHLQLWLDOJDSLVFORVHG,QVWHSWKHWXEHVKHHWLVHODVWLFGHIRUPHG)LQDOO\VWHSUHSUHVHQWV
WKHXQORDGLQJSKDVHVKRZLQJWKHHODVWLFUHFRYHU\RIWKHWXEHDQGWKHWXEHVKHHW,WLVZRUWKQRWLQJWKDWWKHVORSHVRI
WKHVH OLQHVUHSUHVHQW WKHULJLGLW\RI WKHH[SDQGHG WXEHDQG LWVFDSDELOLW\ WR UHVLVWSUHVVXUH7KHUHIRUH WKHVORSH LQ
VWHS UHSUHVHQWV WKH WXEH ULJLGLW\ ,Q VWHS WKH WXEH ULJLGLW\ GHFUHDVHV VLJQLILFDQWO\ WR DQG LV DW LWV ORZHUYDOXH
GXULQJVWHSLQZKLFKFDVHWKHWXEHUHVLVWDQFHWRWKHH[SDQVLRQSUHVVXUHLVUHGXFHFRQVLGHUDEO\,QVWHSWKHVORSH
UHSUHVHQWVWKHFRPELQHGULJLGLW\RIWKHWXEHDQGWXEHVKHHWZLWKDSUHGRPLQDQWFRQWULEXWLRQIURPWKHODWWHU'XULQJ
WKHXQORDGLQJSKDVHLQVWHSWKHSUHVVXUHLVUHVLVWHGE\ERWKWKHWXEHDQGWKHWXEHVKHHWLQZKLFKFDVHWKHVORSHLV
KLJKHUVLQFHIXOOUHFRYHU\RIERWKWKHWXEHDQGWKHWXEHVKHHWWDNHVSODFHDWWKHVDPHWLPH
2.1.1. Step 1: Tube elastic deformation 
,QLWLDOO\ DV WKH SUHVVXUH LV LQFUHDVHG WKH WXEH GHIRUPV HODVWLFDOO\ XQWLO LW UHDFKHV \LHOG$FFRUGLQJ WR WKH9RQ
0LVHVFULWHULDWKHSUHVVXUH ytp WKDWFDXVHV\LHOGLVJLYHQE\
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


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t
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2.1.2. Step 2: Tube elastic-plastic deformation 
,Q VWHS  DV WKH SUHVVXUH LV LQFUHDVHG DERYH ytp  WKH WXEH LV SDUWLDOO\ SODVWLF 6WDUWLQJ ZLWK WKH HTXLOLEULXP
HTXDWLRQRIDWKLFNF\OLQGHU
rr
d
dr r
TV VV     
6XEVWLWXWLQJIRU r TV V E\   eV IURP(TDQGQRWLQJWKDW eV LVJLYHQE\(TDQGLQWHJUDWLQJJLYHV
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LVYDOLGLQWKHHODVWLF]RQHDQGFDQEHXVHGWRGHWHUPLQHWKHGLVSODFHPHQWRIWKHWXEHRXWVLGHUDGLXV
DV D IXQFWLRQ RI WKH HODVWLFSODVWLF LQWHUIDFH UDGLXV cr  6XEVWLWXWLQJ IRU & IURP (T LQWR (T DQG SXWWLQJ
or r JLYHV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2.1.3. Step 3: Tube plastic deformation and closing of the initial clearance 
,I ip LV LQFUHDVHG EH\RQG atp  (T LV VWLOO YDOLG IRU WKH ZKROH WXEH 6XEVWLWXWLQJ (T LQWR (T DQG
LQWHJUDWLQJ EHWZHHQ ir DQG or DQG QRWLQJ WKDW  tr i ir pV   DQG   
t
r orV  JLYHV WKH FRQVWDQW & DQG VXEVWLWXWLQJ LW
LQWR(TJLYHVWKHUDGLDOGLVSODFHPHQWRIWKHWXEHDV
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
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2.1.4. Step 4: Elastic deformation of tubesheet 
,IWKHSUHVVXUHLVLQFUHDVHGDIWHUWKHWXEHFRPHVLQWRFRQWDFWZLWKWKHWXEHVKHHWWKHIRUPHUFRQWLQXHVWRGHIRUP
SODVWLFDOO\ZKLOH WKH ODWWHUGHIRUPVHODVWLFDOO\E\XQGHUJRLQJ WKHVDPHGLVSODFHPHQWDV WKH WXEH7KLV LVVKRZQLQ
VWHSRI)LJIURPSRLQWDWREXSWRSRLQWF$FRQWDFWSUHVVXUH cp LVJHQHUDWHGDWWKHLQWHUIDFHWDNLQJDPD[LPXP
YDOXHRI cmp DW WKHPD[LPXPH[SDQVLRQYDOXHRI ep 7KHPD[LPXPH[SDQVLRQSUHVVXUH ep UHPDLQVORZHUWKDQWKH
H[SDQVLRQSUHVVXUHWKDWVWDUWVWXEHVKHHW\LHOGLQJ ysp 7KHFDVHZKHUH ep LVKLJKHUWKDQ ysp ZLOOEHWUHDWHGEHORZ
'XULQJWKLVVWHSWKHLQWHUIDFHGLVSODFHPHQWDQGWKHVWUHVVVWDWHFDQEHGHWHUPLQHGLIWKHFRQWDFWSUHVVXUH cp LVNQRZQ
7KLVLVREWDLQHGE\FRQVLGHULQJWKHJHRPHWULFDOFRPSDWLELOLW\HTXDWLRQRIGLVSODFHPHQWRIWKHWXEHDQGWXEHVKHHWDW
WKHLULQWHUIDFHZKHUH o ir R DQGLVJLYHQE\
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3XWWLQJ ir R LQ(TDQGVXEVWLWXWLQJLQWR(TDQGWKHQLQWR(TWKHFRQVWDQW&LVWKHQREWDLQHGDQG
WKHUHIRUHDIWHULWVVXEVWLWXWLRQLQWR(TZKLFKLQWXUQLVVXEVWLWXWHGLQ(TJLYHVWKHUDGLDOVWUHVVDV
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7KHFRQWDFWSUHVVXUH cp LVREWDLQHGE\QRWLQJWKDWWKHUDGLDOVWUHVVLQ(TLVHTXDOWRWKHFRQWDFWSUHVVXUH cp
DWWKHRXWHUUDGLXVDQGVROYLQJ
2.2. Expansion with tubesheet plastic deformation 
2.2.1. Step 5: Tubesheet elastoplastic deformation 
5HIHUULQJWR)LJWKHFRQWDFWSUHVVXUH cysp UHTXLUHGWRVWDUWWXEHVKHHW\LHOGLQJLVJLYHQE\(TUHSODFLQJWKH
SUHVVXUH ytp  ytS DQG tY E\ cysp  ysS DQG sY UHVSHFWLYHO\VXFKWKDW
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 LV LQVHUWHG LQWR (T DQG WKHQ LQWR (T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 WKH FRQVWDQW & LV WKHQ REWDLQHG 7KH ODWWHU LV
VXEVWLWXWHGLQWR(TZKLFKLQWXUQLVVXEVWLWXWHGLQ(TWKHLQWHJUDWLRQRIZKLFKJLYHVWKHUDGLDOVWUHVVDV
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7KHUDGLDOVWUHVVRIWKHWXEHDQGWXEHVKHHWDUHHTXDODWWKHLQWHUIDFHUDGLXV1RWLQJWKDWWKHUDGLDOVWUHVVLVHTXDOWR
cp LQ(TZKHQ or r DQGVXEVWLWXWLQJIRU cp LQ(TDQGQRWLQJWKDWWKHUDGLDOVWUHVVRIWKHWXEHVKHHWDWWKH
UDGLXV cR LVHTXDOWR]HURWKHSUHVVXUHUHTXLUHWRFDXVHFROODSVHLVREWDLQHG
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2.2.2. Step 6: Tubesheet plastic deformation 
,I ip LVLQFUHDVHGEH\RQGDFHUWDLQYDOXHWKHWXEHVKHHWZLOOEHIXOO\SODVWLF6XEVWLWXWLQJ(TLQWR(TDQG
LQWHJUDWLQJ EHWZHHQ iR DQG oR DQG QRWLQJ WKDW  tr i cR pV   DQG   
t
r oRV  JLYHV WKH FRQVWDQW & DQG EDFN
VXEVWLWXWLRQLQWR(TJLYHVWKHUDGLDOGLVSODFHPHQWRIWKHWXEHVKHHWDV
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7KHQ XVLQJ (T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
7KHFRQWDFWSUHVVXUH cp LVREWDLQHGE\QRWLQJWKDWWKHUDGLDOVWUHVVLQ(TLVHTXDOWRWKHFRQWDFWSUHVVXUH cp
DWWKHRXWHUUDGLXVDQGVROYLQJ
2.2.3. Step 7: Unloading without reverse yielding 
$IWHUUHDFKLQJ LWVPD[LPXPYDOXH ep  WKHUHOHDVHRISUHVVXUH LQYROYHV WKHVLPXOWDQHRXVHODVWLFUHFRYHU\RI WKH
WXEHDQGWKHWXEHVKHHW7KHFRQWDFWSUHVVXUHLVREWDLQHGE\DQDO\]LQJWKHFKDQJHLQWKHUDGLDOGLVSODFHPHQWRIWKH
WXEHDQGWXEHVKHHWDWWKHLULQWHUIDFH7KLVFKDQJHPXVWEHWKHVDPHVXFKWKDW
   t sr o r iu r u R'  '   
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'XULQJXQORDGLQJWKHWXEHUHODWLYHUDGLDOGLVSODFHPHQWLVJLYHQE\WKHHODVWLFUHFRYHU\IURPWKHVWDWHZKHUHLWLV
VXEMHFWHGWRWKHPD[LPDOLQWHUQDODQGH[WHUQDOSUHVVXUHV ep DQG cmp DQGDORZHUVWDWHOHYHOZKHUHLWLVVXEMHFWHGWR
WKHLQWHUQDODQGH[WHUQDOSUHVVXUHV ip DQG cP VXFKWKDW
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KHWXEHVKHHWUHODWLYHUDGLDOGLVSODFHPHQWLVJLYHQE\WKHHODVWLFUHFRYHU\IURPWKHVWDWHZKHUHLWLVVXEMHFWHGWR
PD[LPDOLQWHUQDOFRQWDFWSUHVVXUHV cmp WRWKHORZHUVWDWHOHYHOZKHUHLWLVVXEMHFWHGWRWKHLQWHUQDOSUHVVXUH cp VXFK
WKDW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(YDOXDWLRQRI(TV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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7KHUHVLGXDOFRQWDFWSUHVVXUH cp LVJLYHQE\SXWWLQJ ip HTXDOWR]HURLQ(TVXFKWKDW
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
2.2.4. Step 8: Unloading with tube in partial reverse yielding 
'XULQJXQORDGLQJUHYHUVH\LHOGLQJRI WKHWXEHRFFXUVZKHQWKHFKDQJHLQVWUHVVIURPWKHPD[LPXPH[SDQVLRQ
SUHVVXUH VWDWH LV JUHDWHU WKDQ WKH XQORDGLQJ \LHOG VWUHVV ytuS ZKLFK LV XVXDOO\ HTXDO WR  ytS  (TXDWLRQ  LV
DSSOLFDEOHIRUSDUWLDOUHYHUVH\LHOGLQJE\UHSODFLQJ ip ZLWK e ip p  ytS E\ ytuS DQG tE E\ tuE 7KHFDVHRI.LQHWLQJ
KDUGHQLQJZLWKHTXDO ORDGLQJDQGXQORDGLQJSURSHUWLHVZLOOEH WUHDWHG LQ WKLVSDSHU7KH UDGLDO VWUHVV LV WKHUHIRUH
JLYHQE\
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
(TXDWLRQ  IRU WKH FKDQJH RI UDGLDO GLVSODFHPHQW LV DOVR DSSOLFDEOH UHSODFLQJ ytS E\ ytuS DQG tE E\ tuE VXFK
WKDW
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7KHFKDQJHLQUDGLDOVWUHVVDWWKHWXEHRXWVLGHUDGLXVLVHTXDOWRWKHFKDQJHLQFRQWDFWSUHVVXUH cm cp p 1RWLQJ
WKDWDWWKHVWDUWRIUHYHUVH\LHOGLQJWKHFKDQJHLQSUHVVXUHVRIDF\OLQGHUVXEMHFWHGWRLQWHUQDODQGH[WHUQDOSUHVVXUH
GLIIHUHQFH LV JLYHQ E\ (T 7KHUHIRUH VXEVWLWXWLQJ (T LQWR (T DQG UHSODFLQJ WKH SUHVVXUH ysp E\
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2.2.5. Step 9: Unloading with tube in full reverse yielding 
6XEVWLWXWLQJ (T LQWR (T DQG LQWHJUDWLQJ EHWZHHQ ir DQG or DQG QRWLQJ WKDW  tr i er PV   DQG 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7KHFRQWDFWSUHVVXUH cp LVREWDLQHGE\QRWLQJWKDWWKHUDGLDOVWUHVVLQ(TLVHTXDOWRWKHFRQWDFWSUHVVXUH cp
DWWKHRXWHUUDGLXVDQGVROYLQJ
1XPHULFDO)LQLWH(OHPHQW0RGHOLQJ
7KHYDOLGDWLRQRIWKHDQDO\WLFDOPRGHOZDVFRQGXFWHGE\GLUHFWFRPSDULVRQRIWKHVWUHVVHVUDGLDOGLVSODFHPHQWV
DQG WKH FRQWDFW SUHVVXUHV ZLWK WKHLU )( PRGHO FRXQWHUSDUW XVLQJ $16<6 VRIWZDUH >@ 3ODQH VWUDLQ HOHPHQWV
3/$1(ZLWKHLJKWQRGHVDQGWZRGHJUHHVRIIUHHGRPSHUQRGHGLVSODFHPHQWVZHUHXVHGWRPRGHOWKHWXEH
DQGWKHWXEHVKHHWDVVKRZQLQ)LJ(OHPHQWV&217$DQG7$5*ZHUHDOVRGHSOR\HGWRPRGHOWKHFRQWDFW
VXUIDFHVRIWKHWXEHDQGWKHWXEHVKHHW$OWKRXJKDVPDOODQJOHSRUWLRQFRXOGKDYHEHHQXVHGWRPRGHOWKHH[SDQGHG
MRLQWDGHJUHHSRUWLRQZDVPRGHOIRUVLPSOLFLW\&RQGLWLRQVRISODQHRIV\PPHWU\DUHDSSOLHGWRWKHHGJHQRGHV
RI WKHFXWSODQHV7KHJHRPHWULFDO DQGPHFKDQLFDO FKDUDFWHULVWLFVRI WKH WZRVWXGLHG MRLQWV DUHREWDLQHG IURP WKH
OLWHUDWXUH >@ DQG DUH VKRZQ LQ 7DEOH  7KH HIIHFW RI SODLQ VWUHVV YHUVXV SODQH VWUDLQ ZDV LQYHVWLJDWHG E\
VHOHFWLQJWKHSURSHUHOHPHQWRSWLRQZKHQUHTXLUHG$OVRWKHHIIHFWRIWKHPDWHULDOEHKDYLRUZDVORRNDWE\VHWWLQJWKH
RSWLRQ0.,1IRUPXOWLOLQHDUNLQHPDWLFKDUGHQLQJ0,62PXOWLOLQHDULVRWURSLFKDUGHQLQJ%.,1%LOLQHDUNLQHPDWLF
RU%,62%LOLQHDULVRWURSLFIRUWKHHODVWLFSHUIHFWSODVWLFFDVH
$ PHVK UHILQHPHQW FRQYHUJHQFH FULWHULRQ EDVHG RQ OHVV WKDQ  RQ WKH UHVLGXDO FRQWDFW SUHVVXUH ZDV
LPSOHPHQWHG7KH)(SODQHPRGHOSUHVHQWHGLQ)LJZDVSUHIHUUHGWRDQD[LV\PPHWULFDOPRGHOEHFDXVHLWLVVLPSOH
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WRJHQHUDWHDQGIDVWHUWRUHVROYH3UHYLRXVVWXGLHV>@FRQGXFWHGRQVLPLODUH[SDQGHGMRLQWVVKRZHGWKDWWKHUH
LV QR VLJQLILFDQW GLIIHUHQFH EHWZHHQ SODQH VWUHVV DQG D[LV\PPHWULF PRGHOV ZKHQ VWXG\LQJ FRQWDFW SUHVVXUH DQG
GHIRUPDWLRQ 6LPLODUO\   IULFWLRQ EHWZHHQ WKH WXEH DQG WXEHVKHHW LV QRW DIIHFWHG E\ WKH W\SH RIPRGHO XVHG ,Q
SUDFWLFHGLVWLOOHGRUSXULILHGZDWHULVXVHGDVWKHSUHVVXUHIOXLGLQRUGHUWRDYRLGVXUIDFHIODNLQJRUVSDOOLQJGXHWR
OXEULFDWLRQ


)LJ3ODQHVWUDLQ)(PRGHO
7DEOH*HRPHWU\DQGPDWHULDOSURSHUWLHV
 Case 1 [18] Case 2 [12] 
 Tube Tubesheet Tube Tubesheet 
ro, Ro(mm-in)    
ri, Ri (mm-in)    
Et, Es 
(GPa-ksi) 
 





Syt, Sys 
(MPa-ksi) 








Qt,Qs    
At, As 
(MP-ksi)








Bt, Bs 
(MPa-ksi)








n, m    
Pe (MPa-ksi)  
C (mm-in)  
5HVXOWVDQG'LVFXVVLRQ
7KH GHYHORSHG DQDO\WLFDO PRGHO ZHQW WKURXJK D ULJRURXV VWUHVV DQDO\VLV FRPSDULVRQ ZLWK LWV QXPHULFDO )(0
FRXQWHUSDUW EHIRUH WKH FXUUHQW LQYHVWLJDWLRQ RQ WKH PDWHULDO EHKDYLRU ZDV ODXQFKHG 6WUHVVHV GHIRUPDWLRQV DQG
FRQWDFWSUHVVXUHDVDIXQFWLRQRIWKHK\GUDXOLFSUHVVXUHYDULDWLRQGXULQJWKHH[SDQVLRQSURFHVVZHUHFRPSDUHG$VD
VDPSOH RI WKH FRPSDULVRQ )LJV  DQG  VKRZ WKH YDULDWLRQ RI WKH LQWHUIDFH FRQWDFW SUHVVXUH DQG WKH UDGLDO
GLVSODFHPHQW RI WKH WXEH RXWVLGH GLDPHWHUZLWK WKH DSSOLFDWLRQ RI WKH H[SDQVLRQ SUHVVXUH  7KH JUDSKV VKRZ WKH
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UHVXOWVRIWKHWZRH[SDQGHGMRLQWVFDVHVDQGGHWDLOHGLQ7DEOHDQGVXEMHFWHGWRDPD[LPXPH[SDQVLRQSUHVVXUH
RIDQG03DUHVSHFWLYHO\7KHVHWZRSDUDPHWHUVDUHGHSLFWHGGXULQJWKHWZRORDGLQJDQGXQORDGLQJSKDVHV
RI WKH H[SDQVLRQ SURFHVV  7KH YDULDWLRQ RI WKH FRQWDFW SUHVVXUH LV  ZKHQ WKH H[SDQVLRQ SUHVVXUH LV DW LWV
PD[LPXPYDOXHDQGDURXQGZKHQWKHSUHVVXUHLVUHOHDVHGIRUFDVH&DVHVKRZVEHWWHUUHVXOWVVLQFHWKHVH
GLIIHUHQFHVDUHRQO\DQG$OWKRXJKWKHGLIIHUHQFHLQWKHGLVSODFHPHQWEHWZHHQWKHWZRPHWKRGVLVVKRZQ
WREHVLJQLILFDQWZKHQWKHWXEHUHDFKHVIXOOSODVWLFLW\ZLWKRXWFRQWDFWLQJWKHWXEHVKHHWGXULQJWKHORDGLQJSKDVHWKH
ILQDO YDOXHV DUH RQO\  DQG   7KLV LQGLFDWHV WKDW+HQFNH\ GHIRUPDWLRQ WKHRU\ JLYHV DFFHSWDEOH UHVXOWV DV
FRPSDUHGWRWKHPRUHDFFXUDWHLQFUHPHQWDOWKHRU\XVHGE\WKH)(0VRIWZDUH,WLVZRUWKQRWLQJWKDWWKHUHDUHWKH
GLIIHUHQW VHJPHQWV WKH VORSHRIZKLFK UHSUHVHQWV WKH ULJLGLW\ WKHH[SDQGHG MRLQWZKLFKFKDQJHVGHSHQGLQJRQ WKH
VWHSSKDVHRI WKH H[SDQVLRQSURFHVV$ VWUDLJKW VHJPHQW LQGLFDWHV WKDWERWK MRLQW HOHPHQWV DUH HODVWLF DQGFXUYHG
VHJPHQWLQGLFDWHVWKDWHLWKHURUERWKHOHPHQWVDUHGHIRUPHGSODVWLFDOO\,QSDUWLFXODUWKHODVWFXUYHGVHJPHQWGXULQJ
XQORDGLQJLQGLFDWHVWKDWUHYHUVH\LHOGLQJLVSUHVHQWLQFDVH


)LJ9DULDWLRQRIWKHFRQWDFWSUHVVXUHGXULQJH[SDQVLRQ&DVHZLWKSH 03DNVL

)LJ9DULDWLRQRIFRQWDFWSUHVVXUHGXULQJH[SDQVLRQ&DVHZLWKSH 03DNVL
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
)LJ5HVLGXDOFRQWDFWSUHVVXUHYDULDWLRQDVDIXQFWLRQRIH[SDQVLRQSUHVVXUH&DVH


)LJ5HVLGXDOFRQWDFWSUHVVXUHYDULDWLRQDVDIXQFWLRQRIH[SDQVLRQSUHVVXUH&DVH
)LJXUHV  DQG  JLYH WKH QRUPDOL]HG UHVLGXDO FRQWDFW SUHVVXUH DV D IXQFWLRQ RI WKH QRUPDOL]HG PD[LPXP
H[SDQVLRQSUHVVXUHZLWKUHIHUHQFHWRWKHWXEH\LHOGVWUHVV7KHQRUPDOL]HGUHVLGXDOFRQWDFWSUHVVXUHVZHUHHYDOXDWHG
IRUSODQHVWUDLQDQGVWUHVVWKHKDUGHQLQJ\LHOGVXUIDFHPRGHOHODVWLFSHUIHFWO\SODVWLFPDWHULDOIRUERWK7UHVFDDQG
9RQ0LVHV7KHSODQHVWUDLQDQDO\WLFDOPRGHOZDVUXQZLWKDQGZLWKRXWUHYHUVH\LHOGLQJ)XQGDPHQWDOO\WKHUHLVQR
36V3ODQH6WUHVV
36Q3ODQH6WUDLQ
(33(ODVWLF3HUIHFWO\3ODVWLF
.+.LQHPDWLF+DUGHQLQJ
,+,VRWURSLFKDUGHQLQJ
QR5<1R5HYHUVH<LHOG
$0$QDO\WLFDO0RGHO
)(0)LQLWH(OHPHQW0HWKRG

36V3ODQH6WUHVV
36Q3ODQH6WUDLQ
(33(ODVWLF3HUIHFWO\3ODVWLF
.+.LQHPDWLF+DUGHQLQJ
,+,VRWURSLFKDUGHQLQJ
QR5<1R5HYHUVH<LHOG
$0$QDO\WLFDO0RGHO
)(0)LQLWH(OHPHQW0HWKRG
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GLIIHUHQFHEHWZHHQNLQHWLFKDUGHQLQJDQGLVRWURSLFKDUGHQLQJZKHQQRUHYHUVH\LHOGLQJRFFXUV+RZHYHUZKHQWKH
ODWWHUWDNHVSODFHWKHGLIIHUHQFHLVVLJQLILFDQWDQGLJQRULQJLWZRXOGOHDGWRDQRQHFRQVHUYDWLYHDSSURDFK,QIDFWWKH
GLIIHUHQFHLQWKHSUHGLFWLRQRIWKHUHVLGXDOFRQWDFWSUHVVXUHFDQEHPRUHWKDQWZLFH
7KHHODVWLFSHUIHFWO\SODVWLF FDVHSUHGLFWV WKH ORZHVWH[SDQVLRQSUHVVXUHV IROORZHGE\ WKHNLQHPDWLFKDUGHQLQJ
FDVHDQGILQDOO\WKHLVRWURSLFKDUGHQLQJFDVH7KHGLIIHUHQFHEHWZHHQSODQHVWUDLQDQGSODQHVWUHVVLVQRWVLJQLILFDQW
DV LQ WKHFDVHZLWK WKH UHVLGXDOFRQWDFWSUHVVXUH7KHVHFXUYHVFDQJLYHDQ LGHDRQ WKH OLPLWLQJSUHVVXUH WRDYRLG
UHYHUVH\LHOGLQJ DQGDFKLHYHKLJKHU UHVLGXDO FRQWDFW SUHVVXUHV7KLV VWXG\ VKRZV WKDW UHYHUVH\LHOGLQJ DIIHFWV WKH
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